Scc1's C-terminal fragment.
The failure to detect copurification of more than one Because no current cytological or structural technique seemed capable of addressing this issue, we have molecule of each of cohesin's subunits in yeast implies that a single Scc1 subunit connects the two head doadopted a strictly biochemical approach in which contacts between subunits have been detected by measurmains of a single Smc1/Smc3 heterodimer, creating a large proteinaceous ring (Haering et al., 2002) . This noing the degree to which cohesin subunits or fragments thereof copurify with other subunits in a highly specific tion is consistent with the finding that some electron micrographs of soluble cohesin complexes do indeed manner in affinity purification. The principle finding described in this paper was inspired by the notion that have the appearance of rings (Anderson et al., 2002). Such images cannot, however, by themselves establish interactions between Scc1's termini and SMC heads might survive not only Scc1's cleavage by separase but whether contacts are really made between different subunits nor do they address the state of cohesin when also its subsequent dissociation from chromosomes. If so, then the N-and C-terminal fragments released from bound to chromosomes. Because a ring structure has the potential to trap DNA strands, which could provide chromosomes at the onset of anaphase should remain associated by virtue of their being bound to different a mechanism by which cohesin binds to and holds chromatids together, it was of paramount importance to esapices of the same Smc1/Smc3 heterodimer. We have not only detected this linkage but also demonstrated tablish whether chromosomal cohesin does indeed form rings and if so, whether its association with chromothat it is broken by severing Smc3's coiled coil. To do this, we developed an SMC protein whose coiled coil somes depends on their integrity. (A) Yeast strain K10005 (MATa myc 9 -SCC1-HA 6 , ⌬cdc20, GAL1-10-CDC20, and ⌬ubr1) grown to logarithmic phase in medium containing galactose (CYC) was transferred to galactose free media for metaphase arrest. Synchronous expression of Cdc20 was induced by readdition of galactose (time point zero) and samples were taken every ten minutes for preparation of whole-cell extract. Cleavage of myc 9 -Scc1-HA 6 was followed by probing whole-cell extracts against the myc epitope on immunoblots. FACScan analysis shows that cells were arrested and released efficiently. (B) Immunoprecipitations with antibodies against the HA-epitope from whole-cell extracts of strains K10005 and K10040 (MATa, myc 9 -SCC1, ⌬cdc20, GAL1-10-CDC20, and ⌬ubr1) prepared 20 min after Cdc20 induction were probed against the myc-epitope at the amino terminus and the HA-epitope at the carboxyl terminus of Scc1 in input (IN), flowthrough (FT), and immunoprecipitated (IP) fractions.
can be cleaved by the TEV protease. We show that N-and C-terminal Scc1 fragments should remain bound cleavage of Smc3's coiled coil causes cohesin's release to the same Smc1/Smc3 heterodimer following their disfrom chromatin and the destruction of sister chromatid sociation from chromosomes induced by separase cohesion. Our data imply that chromosomal cohesin cleavage. To test this, we created a yeast strain that does indeed form a ring and suggest that cohesin's expresses a functional Scc1 protein whose N-and C tight association with chromosomes may be due to the termini are attached to 9 myc and 6 HA epitopes, respecpassage of DNA through this ring.
tively ( The HA-tagged C-terminal Scc1 fragment dissociates Scc1-like proteins were a general feature, then it should from chromatin under these circumstances (Uhlmann et be conserved in complexes in which Scc1 is replaced al., 1999) but is thereafter targeted for degradation by by its meiotic counterpart Rec8. We therefore tested the Ubr1 ubiquitin protein ligase (Rao et al., 2001), most the binding of Smc1 and Smc3 to N-and C-terminal being destroyed by 30 min. The myc-tagged N-terminal Rec8 cleavage fragments after co-expression in insect fragment is more stable and lingers until cells enter S cells. Smc1 bound the C-but not N-terminal Rec8 fragphase in the next cell cycle (not shown). We prepared ment while Smc3 bound the N-but not C-terminal whole-cell extracts from cells 20 min after Cdc20 infragment ( Figure 1A) . Alignment of Scc1 and Rec8 seduction and immunoprecipitated the C-terminal Scc1 quences from a wide variety of eukaryotes identified fragment using antibodies against its HA 6 -epitope. The amino acid sequence conservation only at the extreme myc-tagged N-terminal fragment was efficiently copre-N-and C termini of these proteins ( Figure 1B) . A polypepcipitated despite cleavage of Scc1 at two positions, but tide containing only the conserved N-terminal 115 amino only when Scc1 carried HA epitopes at its C terminus acids of Scc1 also bound efficiently to Smc3, as did a ( Figure 2B ). The N-and C-terminal Scc1 fragments crepolypeptide containing the most C-terminal 115 amino ated by separase clearly remain tightly linked. acids to Smc1 ( Figure 1C ). This suggests that the conserved stretches at the N-and C termini of Scc1 We next asked whether the Scc1 fragments released from chromatin in this manner are linked to each other due to their attachment to the same Smc1/Smc3 heterodimer. We prepared chromatin from nocodazole-arrested cells that expressed myc 9 -Scc1(TEVs)-HA 3 either with or without Smc3(TEVs) and incubated it with recombinant TEV protease. Scc1 cleavage was efficient and caused release of the myc-tagged N-terminal fragment from chromatin ( Figure 5B ). Cleavage of Smc3(TEVs) was less efficient. Less than one quarter of the molecules were cleaved at both sites at this stage (see IN Figure 5C ). The solubilized proteins were then immunoprecipitated in the presence of TEV protease using antibodies against the HA 3 tag on Scc1's C terminus. Cleavage at both sites of Smc3(TEVs) was largely completed during the immunoprecipitation (see IP Figure 5C ). Scc1's C-terminal fragment (aa 269-566) was efficiently pulled down domain. Immunoblotting showed that the Smc3 protein was efficiently cleaved at either aa250 or aa968 site ( Figure 7B ). We conclude that Smc3 remains functional Smc3's Heads and Dimerization Domains when cleavage of either one or the other strand of its Are Linked by Scc1 Following Cleavage coiled coil is cleaved, i.e., when it is nicked, but not when of Its Coiled Coil both are cleaved, i.e., when the coiled coil is completely The ring model not only predicts that Scc1 fragments severed. Remarkably, neither insertion of more than 30 should be held together by virtue of their attachment to amino acids containing TEV sites into Smc3's helical the heads of the same Smc1/Smc3 heterodimer, it also axis nor the "nicking" of just one strand greatly interfered predicts that the two halves of an Smc3 molecule whose with Smc3's function in vivo. Smc3's coiled-coil should coiled coil has been cleaved by TEV should be held therefore be rather viewed as an elastic chain than a together by an intact molecule of Scc1. To test this stiff force-transmitting pole. prediction, we prepared soluble extracts from asynchroWe next used chromosome spreads to measure assonous cultures of yeast strains expressing Smc3(TEVs) ciation of cohesin's Scc1 subunit (HA 3 tagged) with chroalong with either myc 9 -Scc1-HA 3 or myc 9 -Scc1(TEVs)-matin after cleavage of Smc3(TEVs) in vivo. Cells were HA 3 . We affinity purified the C terminus of Smc3(TEVs) first arrested in a metaphase-like state with nocodazole on chitin beads while simultaneously cleaving with reand two hours later galactose was added to induce combinant TEV protease. Uncleaved Scc1 (aa 1-566; Figure 6A , top and middle left) copurified with the Smc3 TEV protease expression from the GAL1-10 promoter. 
In cells lacking the GAL-TEV expression cassette, Scc1
Scc1 from chromosomes coincided with the appearance of the doubly cleaved aa 251-968 Smc3 fragment. remained bound to chromatin for at least three hours after mock induction ( Figure 7C 
